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Evolution of insensitivity to the toxic effects of cardiac glycosides has become a model in the study of convergent evolution, as five taxonomic orders of insects use the same few similar amino acid substitutions in the otherwise highly conserved Na,K-ATPase α. We show here that insensitivity in pyrgomorphid grasshoppers evolved along a slightly divergent path. As in other lineages, duplication of the Na,K-ATPase α gene paved the way for subfunctionalization: one copy maintains the ancestral, sensitive state, while the other copy is resistant. Nonetheless, in contrast with all other investigated insects, the grasshoppers' resistant copy shows length variation by two amino acids in the first extracellular loop, the main part of the cardiac glycoside-binding pocket. RT-qPCR analyses confirmed that this copy is predominantly expressed in tissues exposed to the toxins, while the ancestral copy predominates in the nervous tissue. Functional tests with genetically engineered Drosophila Na,K-ATPases bearing the first extracellular loop of the pyrgomorphid genes showed the derived form to be highly resistant, while the ancestral state is sensitive. Thus, we report convergence in gene duplication and in the gene targets for toxin insensitivity; however, the means to the phenotypic end have been novel in pyrgomorphid grasshoppers.
Background
Adaptation to toxic diets may be highly advantageous and comes under positive selection if their use offers new ecological niches or defence against predators [1] . In recent years, the importance of enemy-free space that may be gained by host-derived defences has been increasingly advocated as the driving force behind the often-observed specialization of herbivorous insects on toxic plants [2] [3] [4] [5] . Accumulation of toxic substances in the body, however, necessitates physiological mechanisms to avoid intoxication [6] . Rendering the toxin's target insensitive is certainly the most elegant counterstrategy, provided that a precise target exists and can be modified accordingly. Resistance to dietary cardiac glycosides, for example, has been observed in the sequestering and aposematic monarch butterfly (Danaus plexippus) and the large milkweed bug (Oncopeltus fasciatus) [7, 8] , and has become a prime example for target site insensitivity, as this strategy evolved independently in multiple vertebrate and invertebrate lineages [9] [10] [11] [12] [13] [14] . The repeated origin of target site insensitivity and its association with gene duplication make this system ideal to investigate convergent adaptive protein evolution and analyse the possible ways to attain resistance.
Gene sequence comparisons of resistant species point to the overarching importance of the first extracellular loop of the Na,K-ATPase α-subunit [9, 11, 14] . In insects as well as vertebrates, most resistance-associated substitutions occur here and involve residues bordering the extracellular loop, exchanging a limited number of otherwise highly conserved residues. Most striking is the © 2019 The Author(s) Published by the Royal Society. All rights reserved.
high frequency of substitutions of glutamine at position 111 (Q 111 ) and asparagine at position 122 (N 122 ), especially the high number of exchanges of N 122 for the charged amino acid histidine (H). This exchange occurred at least seven times independently in insect lineages across five taxonomic orders and is usually associated with exchanges of Q 111 [9] [10] [11] 15] . Mutagenesis experiments corroborate the functional importance of substitutions at these positions as their exchange leads to cardiac glycoside-resistant Na,K-ATPases [10, [16] [17] [18] [19] [20] .
In several but not all species, resistance to cardiac glycosides in addition involves duplications of the Na,K-ATPase α gene [9, 11] , leading to paralogues that trade-off resistance versus other functions like ion pumping efficiency [20] [21] [22] . Target site insensitivity of the Na,K-ATPase to cardiac glycosides offers a unique opportunity to test for the extent of predictability of molecular adaptation. If unrelated lineages repeatedly converge on the same set of adaptive amino acid exchanges, this should hint to strong functional constraints limiting the number of possible escape routes to selection, the more so if different mutational paths have been followed to achieve the same endpoint [23] .
Pyrgomorphid grasshoppers (Caelifera, Pyrgomorphidae), like Poekilocerus bufonius, represent a less well-studied aposematically coloured insect lineage known to feed on cardiac glycoside-containing plants and to use the toxins as anti-predator defence [24] . This group contains 482 described species with a centre of distribution in the old world and some further species in Central and South America. According to a recent phylogeny, the aposematic and chemically defended species cluster together in a single clade, which among others contains the genera Phymateus and Poekilocerus [25] . Physiological investigations of P. bufonius tissue extractions detected a differential sensitivity towards cardiac glycosides, with midgut tissue being 25 000 times more resistant to inhibition by a cardiac glycoside (ouabain) than the sensitive brain tissue, and 50 times more resistant than the excretory tissue (hindgut and Malpighian tubules) [26] [27] [28] . This suggested tissue-specific expression of multiple copies of the Na,K-ATPase α gene that differ in their sensitivity towards cardiac glycosides.
We here test whether adaptation to cardiac glycosides in pyrgomorphid grasshoppers follows the same pattern previously described for insects from other orders. To do so, we investigate the molecular background of the observed insensitivity of P. bufonius and the closely related pyrgomorphid species Phymateus aegrotus [25] . Specifically, we aimed to uncover whether resistance to cardiac glycosides repeats the same molecular patterns observed in other insect lineages. Furthermore, we used RT-qPCR to test whether differing tissue-specific expression patterns of the discovered alternative gene copies can explain the different sensitivities to cardiac glycosides of the gut, brain and excretory system of P. bufonius observed in the physiological studies of Al-Robai and coworkers [26] [27] [28] . Lastly, we introduced the substitutions and insertions observed in the first extracellular loop of the two pyrgomorphid Na,K-ATPase α genes into a Drosophila expression construct to demonstrate their functional effect on the enzyme's sensitivity to cardiac glycosides. Our data show that some molecular alterations leading to resistance in insect Na,K-ATPases are strongly preferred and convergently attained, yet the mutational path arriving at this preferred solution differs in the pyrgomorphids from all other insect lineages investigated so far.
Methods (a) RNA extraction and sequence analysis
Sequences were obtained for Schistocerca gregaria (Caelifera, Acrididae; obtained from a pet shop), Ph. aegrotus (originally collected in 2012 by Kai Schütte in Tansania, near Arusha, and maintained as a culture at the Institute of Zoology) and P. bufonius (collected in 2012 in Oman near Muscat and obtained from an insect import company). Nervous tissue, Malpighian tubules, gut and muscles were dissected from adult insects on ice under a dissecting scope. RNA was extracted with the RNeasy plus kit using gDNA eliminator columns (Qiagen, Hilden, Germany) and quantified with a NanoDrop spectrophotometer (Life Technologies, Darmstadt, Germany). For each sample, 0.5-2 µg of RNA was reverse transcribed into cDNA with Superscript III (Life Technologies) using random hexamers and T17 primers. The Na,K-ATPase α gene was amplified using previously published primers [10, 29, 30] and in addition S1309: 5 0 ACSATYTGCTCSGAYAAGA CYGG 3 0 . Amplification was usually achieved by nested PCRs using first the outer primers S409 or S458 to A2871 or rATPc followed by secondary PCRs of shorter fragments. PCR products were sequenced at GATC Biotech (Konstanz, Germany), and the sequences aligned and analysed with SEQUENCHER (v. 5.1; Gene Codes, Ann Arbor, MI, USA). For simple phylogenetic analyses, sequences of the three grasshopper species and Drosophila melanogaster were entered into MEGA 7 [31] , aligned by codons with MUSCLE or CLUSTAL W using different gap opening and gap extension costs and subjected to maximum-likelihood analysis based on the best fitting model for the dataset. Sequences have been deposited at the European Nucleotide Archive ENA at www.ebi.ac.uk/ena/data/view/LR535710-LR535715.
(b) Quantitative real-time PCR
The brain, midgut, hindgut and Malpighian tubules of three adults of P. aegrotus were dissected in PBS buffer on ice. RNA was extracted with the RNAmagic kit (Bio-Budget Technologies, Krefeld, Germany) following the manufacturer's guidelines, quantified and reverse transcribed into cDNA as above. Primers (electronic supplementary material, table S1) for the Na,K-ATPase genes were designed based on the sequences obtained above. Primers for actin, β-tubulin and 18S, as potential reference genes, were designed with the Primer3 toolkit based on a transcriptome of pooled tissues of an individual of P. aegrotus (ENA project no. PRJEB31295) that was assembled with TRINITY v. 2.4.0 [32] using default parameters. The published sequences of S. gregaria or Schistocerca nitens (HQ851398, HQ851399, KR904204) were used to identify homologous transcripts by local BLAST searches [33] .
Suitability and specificity of all primers was first tested in conventional RT-PCR followed by tests for primer efficiencies in RT-qPCR standard dilution series. Tissue-specific gene expression was determined in 10 µl reaction volumes with 50 ng of RNA using EvaGreen QPCR-Mix II (Bio-Budget Technologies) on a StepOne Real-Time PCR System (Thermo Fisher Scientific). NORMFINDER [34] was used to decide on the best combination of reference genes and the ΔCt method of Schmittgen & Livak [35] was used to compare the relative expression between tissues. Raw data are deposited in the Dryad Digital Repository [36] .
(c) Na,K-ATPase expression in cell culture
The observed sequences of the first extracellular loop of the Na, K-ATPase α of P. aegrotus were introduced by site-directed mutagenesis (QuikChange II XL kit, Agilent Technologies) into the D. melanogaster α-subunit (ENA accession no. HE962487) cloned into the pFastBac Dual expression vector (Invitrogen, Life Technologies). This vector, in addition, carried the D. melanogaster royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20190883 β-subunit Nrv2.2 (GenBank acc. no. NM_001273235) under the second promoter as previously described by Dalla & Dobler [20] . The necessary mutations were introduced in five steps with the mutagenesis primers indicated in electronic supplementary material, table S2, to generate the two gene copies observed in P. aegrotus.
The two resulting plasmids were control sequenced and used to generate baculovirus for the infection of Sf9 cells according to the manufacturer's instructions and previously published procedures [20] . Three biological replicates of virus stock were generated for each construct starting from the bacmids produced as a first intermediate by transfecting the pFastBac Dual plasmids into DH10bac E. coli cells. Sf9 cells infected with P2 virus stock were checked for correct protein expression by immunocytochemistry and cell membranes harvested by ultracentrifugation. After protein determination by Bradford assays, an even expression of the genetically engineered Na,K-ATPases across all cell batches and constructs used was checked by western blots. A detailed description of the procedures can be found in Dalla & Dobler [20] .
(d) Enzyme assays to screen for resistance
Preparations of the Sf9 cell membranes were subjected to enzyme assays with increasing concentrations of the commercially available cardiac glycoside ouabain (Sigma-Aldrich, Taufkirchen, Germany) to test for the sensitivity of the genetically engineered Na,KATPases. IC 50 values (50% inhibitory concentration of ouabain) were calculated with Origin-Pro 9.1 fitting a dose-response curve to the data with top and bottom asymptotes set to 100 and 0, respectively. Details of the method to prepare the Sf9 cell membranes for the assay can be found in Dalla & Dobler [20] , while the general methodology of the enzyme assay follows the protocols given in Petschenka et al. [30] . Raw data can be found in the Dryad Digital Repository [36] .
Results
(a) Comparison of Na,K-ATPase sequences RNA extractions from nervous tissue, gut and Malpighian tubules of P. aegrotus and P. bufonius followed by RT-PCR with Na,K-ATPase-specific primers revealed the presence of two gene copies in both pyrgomorphid species. By contrast, a single gene copy was recovered from the same tissues of S. gregaria. The sequence of the S. gregaria gene copy was more similar to the one recovered from the nervous tissue of both pyrgomorphid species (nucleotide p-distance = 0.13; amino acid p-distance = 0.010), while the sequence detected in the gut and Malpighian tubules of P. aegrotus and P. bufonius deviated more strongly from the S. gregaria gene copy with an excess of non-synonymous substitutions (nucleotide p-distance = 0.15; amino acid p-distance = 0.042; amino acid alignment in electronic supplementary material, figure S1 ). Phylogenetic analysis of the nucleotide sequences supports that a duplication of the Na,K-ATPase α gene occurred in the ancestor of the two pyrgomorphid species ( figure 1) .
A comparison of residues in the translated amino acid sequences known to be involved in cardiac glycoside resistance shows conspicuous differences between the three grasshoppers and D. melanogaster (figure 2). The most striking alteration concerns the sequence recovered from the digestive tissue of the pyrgomorphid grasshoppers, and consists of two amino acid insertions in the first extracellular loop of the Na,K-ATPase α-subunit, which usually does not show any length variation across the entire animal kingdom [14] . The placement of these inserted amino acids is somewhat arbitrary and depends on gap opening versus gap extension costs in the alignment algorithm (figure 2). Since we first obtained the sequences for P. aegrotus, which features an asparagine (N) at a potentially homologous position to the highly conserved N 122 in insect and vertebrate sequences, an insertion of a histidine (H) after this conserved asparagine (figure 2a) seemed most plausible. In this case, a second independent insertion of a serine (S) after the aspartic acid (D) residue 120 would have happened. However, in an alignment of all sequences, including those of P. bufonius, a single insertion of two amino acids after residue 120 (figure 2b) is preferred in MUSCLE and CLUSTAL W as long as the gap opening costs are set higher than the gap extension costs. This placement results in the insertion of a serine in both species followed by a glutamic acid (E) in P. aegrotus versus an aspartic acid (D) in P. bufonius.
No matter how the gaps are placed, the resulting sequence of the gut copy of both pyrgomorphid species features a combination of two amino acid exchanges at the borders of the first extracellular loop, which are known to be decisive for cardiac glycoside binding [16, 37] , and an extension by two amino acids of the very short intermittent loop. This loop is of special importance as it moves closer towards the ligand upon cardiac glycoside binding, thus leading to a conformational change [38] . In all our orthopteran sequences, the conserved glutamime (Q) residue at position 111 (exemplified in figure 2 by D. melanogaster) is replaced by a leucine (L). In the gut copy of P. aegrotus and P. bufonius, this leucine is combined with a histidine at the C-terminal end of the first extracellular loop at the onset of the downstream perfectly conserved second transmembrane domain (αM2). A histidine at the corresponding position has been frequently observed in cardiac glycoside-resistant insects [9] [10] [11] 15] and has been functionally confirmed to cause increased resistance to cardiac glycosides [10, 19, 20, 39] .
In the pyrgomorphid gut copy, the substitution of serine for proline at position 118 (P118S) involves another residue that is supposed to be important for cardiac glycoside binding. The exchange of aspartic acid for asparagine next to the newly arisen histidine at the beginning of αM2 may also influence cardiac glycoside binding. The relevance of the observed exchanges at position 115 where serine, valine or threonine could be inferred is less clear as this position frequently varies royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20190883 between different insect species [9, 10] . The same holds true for the importance of the observed A119S exchange found in S. gregaria and the nervous tissue of the two pyrgomorphids.
Further towards the C-terminus of the enzyme, only one further exchange at a position deemed to be part of the glycoside-binding pocket [37, 38, 40, 41] could be observed: at position 315 in the pyrgomorphid gut copy, isoleucine has been replaced by valine (I315 V in M4; figure 2). Substitutions at this position resulting in amino acids of similar physicochemical properties (valine or leucine) have also been observed in other cardiac glycoside-adapted insects [10] , but have not yet been functionally tested.
(b) Quantitative real-time PCR
The analysis with NORMFINDER indicated that normalizing the Na,K-ATPase expression on a combination of 18S and β-tubulin represented the best strategy for the data. Compared with the reference genes, both Na,K-ATPase α genes of P. aegrotus showed very low expression in all tissues, but have conspicuous differences in their tissue specificity (figure 3). Almost no expression was detected in other tissues outside the nervous system for the gene copy identified from nervous tissue extractions. Conversely, the copy identified in the digestive tract was also present at similar levels in the brain as in the hindgut of P. aegrotus, and to a much lower extent in the midgut tissue. The highest expression level was detected in the Malpighian tubules, although with strong interindividual variability.
(c) Expression of genetically engineered Na,K-ATPases Sf9 cell membranes from three replicates of each genetically engineered construct were tested for the ability of the expressed Na,K-ATPase to maintain activity under increasing concentrations of ouabain (figure 4). The construct mimicking the copy expressed in the nervous system showed an IC 50 of 5.13 × 10
, a somewhat higher sensitivity to ouabain than previously tested extractions from S. gregaria hindguts (a tissue with strong Na,K-ATPase expression; IC 50 S.greg. = 9.97 × 10 −7
[44]). On the other hand, the nervous tissue-mimicking construct was less sensitive than membrane preparations of the construct corresponding to the wild-type Drosophila Na, [20] ). By contrast, a highly insensitive Na,K-ATPase resulted when the first extracellular loop of the P. aegrotus gut copy was engineered into the Drosophila Na,K-ATPase. Even at millimolar ouabain concentration, this enzyme was only inhibited by 20% and had an extrapolated IC 50 of 3.13 × 10 −2 .
Discussion
Adaptation to cardiac glycosides represents an extreme case of molecular convergence where identical amino acid substitutions have been found repeatedly across a wide range of insect and vertebrate taxa [9] [10] [11] [12] 14] . As we have shown here, the pyrgomorphid grasshoppers P. bufonius and P. aegrotus, which both feed on cardiac glycoside plants, and use the toxins as anti-predator defence, provide another example of convergent acquisition of cardiac glycoside-resistant Na,KATPases. Remarkably, they obtained resistance along a different mutational path involving new modifications of a decisive part of the enzyme's target site for cardiac glycosides. As in several other insects that possess highly resistant Na,K-ATPases, a gene duplication in the ancestor of the two pyrgomorphid species apparently released one gene copy from pleiotropic constraints and allowed for the accumulation of resistance-conferring modifications. The two gene copies differ in their expression patterns: the plesiomorphic gene copy (brain copy), which is more similar to the single copy found in S. gregaria, is only expressed in the nervous system but could not be detected in the digestive tract and excretory system. By contrast, the second gene copy (gut copy) was detected in the midgut, hindgut and Malpighian tubules but was also present in the nervous tissue. A similar duplication of the Na,K-ATPase α1 gene was found in lygaeid bugs (Heteroptera, Lygaeidae), Chrysochus leaf beetles, the weevil Rhyssomatus lineaticollis (Coleoptera, Chrysomelidae and Curculionidae) [9] and the agromyzid fly Phytomyza hellebori (Diptera, Agromyzidae) [11] . In all cases where tissue-specific expression patterns could be established, results show that the more conserved copy is expressed in the nervous system, while the more heavily substituted copies are present in the remainder of the body but also to some extent in the nervous tissue [9, 22] . Our functional tests suggest that this allows for an adjustment of the enzyme characteristics (like ion pumping efficiency versus resistance to cardiac glycosides) to the individual needs of specific tissues [20] [21] [22] .
Sequence analysis of the Na,K-ATPase α gut copy of the pyrgomorphid grasshoppers revealed a completely new strategy leading to resistance against cardiac glycosides. Here, insertions of two amino acids in the short first extracellular loop in addition to amino acid substitutions led to an extremely insensitive enzyme. Previous mutagenesis experiments with the vertebrate enzyme [16, 17, 45] and recent crystal structures of the pig Na,K-ATPase confirm that this part of the enzyme is decisive for making a stable association with cardiac glycosides and support that this loop changes conformation upon binding of cardiac glycosides making the occlusion of K + ions impossible [37, 38, 46] .
As for the order of alterations in the pyrgomorphid gut copy, it remains somewhat unclear whether the histidine residue at the C-terminal border of the first extracellular loop has been inserted behind the conserved asparagine (supported by the P. aegrotus sequence) or results from an N122H exchange ( preferred in alignments of the complete dataset). In any case, our experiments with genetically engineered Na,K-ATPases demonstrate that the combination of insertions and substitutions in the first extracellular loop results in an extremely insensitive enzyme.
Na,K-ATPases of similar resistance to ouabain as reported here for the Drosophila construct mimicking the pyrgomorphid gut copy were so far only observed in lygaeid bugs [7, 47] where two of three gene copies combine a N122H replacement with further substitutions outside the first extracellular loop [9, 10] . These two gene copies possess substitutions in the Cterminal part of the cardiac glycoside-binding pocket (αM5 royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20190883 F786N, αM6 T979A) that result in extremely resistant Na,KATPases, yet at the same time, this seems to negatively affect the ion channel and comes at the expense of drastically reduced ion pumping activity [20] [21] [22] . On the other hand, the expression construct mimicking the single S. gregaria copy and the pyrgomorphid brain copy yielded a sensitive form of the enzyme, albeit somewhat less sensitive than the D. melanogaster wild-type. Just as for the gut copy, it is not yet possible to implicate which of the three amino acid exchanges compared to the Drosophila wild-type enzyme is responsible for the increase in resistance. The Q111 L exchange involves a replacement on the N-terminal border of the first extracellular loop which is well known to be decisive for cardiac glycoside binding and also occurred in several other insects and vertebrates [9] [10] [11] [12] [13] [14] .
Although we only engineered the first extracellular loop of both pyrgomorphid genes into the Drosophila enzyme, these constructs show very similar behaviour as reported for tissue extractions of P. bufonius [26] . The calculated IC 50 reported by Al-Robai and co-workers [27] for hindgut plus Malpighian tubule preparations could in theory be caused by a combined expression of the two pyrgomorphid gene copies-this is, however, unlikely in the light of our RT-qPCR study that did not detect any brain copy expression in the midgut of P. aegrotus. On the other hand, the intermediate sensitivity might be caused by different combinations of α-and β-subunits of the Na,K-ATPase. The β-subunit is usually seen as a chaperone molecule responsible for correct folding and guiding the enzyme to the membrane [48] , yet it also affects the ouabain sensitivity of the Na,K-ATPase as our previous experiments showed [21] . Preliminary BLAST searches in our transcriptome of P. aegrotus yielded three potential β-subunits matching the number described for Locusta migratoria (Orthoptera, Acrididae; acc. no. KF813098-KF813100), which would thus allow for the assembly of different α-β combinations.
Conclusion
Adaptive protein evolution may occur by parallel substitutions of homologous amino acid residues across deep phylogenetic divides as exemplified by Na,K-ATPases of various insect and vertebrate lineages [9] [10] [11] [12] [13] [14] , resistance to tetrodotoxin in prey and its predators [49, 50] or resistance to insecticides [51, 52] . These instances of repeated exchanges to identical derived states suggest that evolution at the genetic level often underlies strong functional constraints that allow only for a limited number of possible solutions [23] . On the other hand, with decreasing degrees of relatedness and thus increasing differences of the genetic background into which adaptive substitutions are introduced, different solutions to the same selective pressure might become advantageous. This may explain why identical amino acid substitutions leading to increased digestive efficiency could be independently acquired in the pancreatic ribonucleases of two closely related leafeating monkeys, while ruminants, the other group of foregut fermenters, evolved increased ribonucleolytic activity through divergent amino acid substitutions [53, 54] . The same phenomenon is evident in the comparison of adaptive substitutions in the Na,K-ATPase of vertebrates versus insects: the common insect resistance-conferring exchange of N122H has never been observed in mammals [14] and does not provide the same level of resistance in the background of the human gene (S. Dalla, S. Dobler & F. List 2017, unpublished data).
In the pyrgomorphid species investigated here, we found another instance of target site insensitivity in insects exposed to cardiac glycosides in their host plants. Most remarkably, the insertions and substitutions that occurred in the pyrgomorphid gut copy again lead to a histidine residue at the C-terminal border of the first extracellular loop of the Na,K-ATPase. This is the eighth reported independent origin of a histidine at this position of the insect Na,K-ATPase [9] [10] [11] 15, 55, 56] , indicating a highly constrained selective pressure for an optimal solution to attain strong resistance against cardiac glycosides. Nevertheless, the highly resistant pyrgomorphid Na,K-ATPase gut copy evolved along a different mutational path involving two amino acid insertions leading to unprecedented length variation in the first extracellular loop of the Na,K-ATPAse. Although our experiments demonstrate that these combined alterations also lead to strong resistance in the background of a fly Na,K-ATPase, they were not previously observed in other insects and represent a novel means how to achieve a highly resistant state.
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